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Executive Summary 
The production of a liquid microjet is a relatively new phenomenon which can be applied 
to a variety of areas including spacecraft propulsion, fuel injection, mass spectroscopy, and 
biomedical devices.  There are currently two primary techniques to creating a microjet, 
electrospray (ES) and flow focusing (FF).  Both techniques produce jets with diameter on the 
order of 10s to 100s of microns. An ES jet disperses into a cone shaped spray as the jet becomes 
unstable and the resulting droplets spread out.  When a FF microjet becomes unstable, it 
produces a less dispersed spray because its droplets are uncharged. 
An ES microjet is produced by the electrohydrodynamic atomization of a fluid.  For this 
to occur, a conducting flowing liquid through a capillary is subject to an applied electric field.  
The fluid at the tip of the capillary is subject to electrostatic, surface tension, and hydrodynamic 
forces which affect the geometry of the jet.  At the tip of the capillary, a cone is formed known as 
a Taylor cone.  A jet is formed from the tip of the cone and at a certain distance the flow 
becomes unstable and the jet breaks up and disperses into a cone shaped spray composed of 
many droplets.  
The production of a liquid microjet by the FF technique occurs when a flowing liquid 
through a capillary, enclosed in an airtight container with one exit orifice, undergoes shearing 
forces due to a flowing gas. At the tip of the capillary, the shearing forces from the flowing gas 
overcome the surface tension of the liquid and force a change in geometry of the liquid to form a 
microjet.  For given physical parameters, FF is limited by the gas and liquid physical properties 
and flow rate.  Once the jet exits the enclosure, droplets form, with a diameter roughly the same 
size of the microjet. 
A primary goal of this project was to reproduce some successful experiments published 
in the literature.  This project is the continuation of an MQP started in the 08‟-09‟ academic year.  
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Their accomplishments included the development of a Jet Source Enclosure (JSE) and 
experiments with the flow focusing technique.   The 09‟-10‟ MQP group began by refining the 
previous project by designing and ordering new parts for the JSE, building a stand for the JSE, 
adjusting the flow rate capabilities of the flow delivery system (FDS), and ordered smaller 
capillaries in order to reproduce some test conditions published by published experimental 
conditions as best as possible.  
The next step was to begin experimenting with FF using saline.  A microjet was 
successfully produced using this technique.  Upon the completion of the FF testing, ES testing 
began.  Due to a limitation on time and the voltage limit of the power supply, no stable ES was 
obtained.  While no successful jet was produced, effects due to the forces from the induced 
electric field and flowing gas were observed. 
Another primary goal was to create and test diagnostics on the fluid.  One of the 
diagnostics included the use of a microscope, which was used to measure the jet diameter prior 
to entering the orifice hole.  The other main diagnostic was the construction of a motion control 
system which was designed to move a wire through the jet to detect a current carried by the 
charge on the jet droplets.  As the jet is sprayed down, the wire was designed to move 
horizontally through the jet.  The total charge observed is anticipated to be proportional to the 
droplet concentration and therefore provides a means to characterize the jet shape.  This was 
never tested due to unsuccessful ES and EFF attempts.   
It is recommended for future work to redesign the FDS to allow for a better control on the 
flow rate, experiment with ES and EFF techniques, and continue with the diagnostics to better 
characterize the microjet.    
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Chapter 1: Introduction 
 Electrospray (ES) is a technique for atomizing a fluid which has found application in a 
variety of areas such as mass spectroscopy, biomedical devices, fuel injection, and spacecraft 
propulsion.  When electric field is applied to a fluid flowing through a capillary, the surface of 
the liquid at the capillary tip will be subject to various forces.  These forces are electrostatic, 
surface tension and hydrodynamic which affect the shape of the fluid existing the capillary.  
Over a certain flow rate and applied potential range, the surface will form a cone called the 
Taylor cone.  From the tip of the Taylor cone will form a jet which breaks up into individual 
droplets.  Electrospray has a large spray spread due to the electrostatic repulsion of the charged 
droplets. 
 Another technique is flow focusing (FF) which uses another fluid flow, either gas or 
liquid.  This fluid is directed through a small orifice hole which is aligned with the capillary 
fluid.  The gas dynamics forces produced by the gas exiting the orifice deform the fluid surface 
from the capillary and create a highly focused jet.  
 
Figure 1: Flow Focusing (top) and Electrospray (bottom) ([1], © Cambridge University Press) 
 Recently there have been investigations exploring the combined use of electrospray and 
flow focusing, termed electro-flow focusing (EFF) [1].  Figure 1 shows a liquid jet produced by 
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flow focusing (top) and electrospray (bottom).  The diameter of the capillary in the figure is on 
the order of several micrometers.  With the combination of these two techniques, additional 
applications of this technology may be obtainable.   
 This Major Qualifying Project (MQP) is a continuation of a previous MQP completed in 
the 2008-2009 academic year.  The project completed the design and fabrication of an apparatus 
to produce a microjet.  It also accomplished preliminary flow focusing testing [2].  This MQP 
continued the design, assembly, and test of a set of diagnostics to investigate the jet 
characteristics.  The goal was to characterize how the electrical parameters (voltage and current), 
fluids characteristics (conductivity, surface tension, viscosity), geometry of setup (orifice 
diameter, capillary inner diameter, and distance between capillary and orifice), and gas flow 
characteristics affect the jet.  Understanding the influence of these parameters could enable many 
applications of this technology.  
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Chapter 2: Background 
2.1 Electrospray 
Electrospray is the formation of small droplets resulting from an electrical current 
induced in a liquid moving through a capillary.  Plateau-Rayleigh
1
 instability causes the liquid to 
form a cone, called the Taylor cone, at the tip of the capillary, and a jet is produced from the 
cone tip.  The jet then breaks into a spray of small droplets [3].  A high voltage is applied to the 
capillary and the droplets formed carry a residual electric charge.  This causes the droplets to 
repel each other, creating the plume shape of droplets [4].  Figure 2 shows the tip of the 
capillary, the cone, jet and the resulting plume.  
 
Figure 2: Electrospray ([4], © New Objective, 2004) 
Some of these droplets can be as small as 10 μm in diameter (1 μm = 1 millionth of a 
meter).  Evaporation of the droplet liquid causes them to shrink.  Consequently, the charge 
density at the surface of the droplets increases.  When the coulomb repulsion
2
 exceeds the 
surface tension, and if the droplet cannot find a ground to dissipate its charge the droplet will 
break apart into smaller particles [4]. 
                                                 
1
 Plateau-Rayleigh instability, also called Rayleigh instability, is when the surface tension of the liquid minimizes 
the surface area. A common visible example of this is water drops on a spider web. [5] 
2
 Coulomb repulsion is the force between two negative or two positive charges [6]. 
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Figure 3 shows the onset of electrospray.  During the first stage (Figure 3, left), there is 
no voltage present.  The surface tension and pressure are the only forces that act on the liquid 
surface at the capillary exit.  At the second stage (Figure 3, middle), a positive potential is 
applied to the solution causing the liquid surface at the capillary exit to have an excess ionic 
charge, creating a quasi-conical shape [7]. 
 
Figure 3: The Onset of Electrospray ([7], © Physical Chemistry, 2004) 
 During the third stage (Figure 3, right); the electrostatic forces are in balance with the 
surface tension creating a conical shape, called the Taylor cone.  When the voltage increases 
further, the cone destabilizes, losing the balance of the forces, because the surface tension is too 
low to keep the liquid/air interface stable.  The electric field has the highest value at the tip of 
cone, where the jet stream forms [7]. 
2.1.1 Brief History of Electrospray 
In 1750, French clergyman and physicist Jean-Antoine Nollet demonstrated the earliest 
known reference to electrospray.  He showed that water flowing from a container would disperse 
into an aerosol
3
 when an electric field was applied to the container.  He said “a person, electrified 
by connection to a high-voltage generator, would not bleed normally if he were to cut himself; 
blood would spray from the wound [8].”  
                                                 
3
 Aerosol is the suspension of fine liquid droplets or solid particles in air [9]. 
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About a hundred years later, Lord Kelvin conducted his electrostatic water drop 
experiment, shown in Figure 4.  He observed small differences in charging between water 
dripping from two liquid nozzles through rings into their respective collection reservoirs.  Each 
ring is electrically (wired) connected to the opposite reservoir below it.  One (arbitrary left) 
nozzle releases water droplets carrying a negative charge into its respective left reservoir.  Some 
of that charge will flow up to the other side ring on the right.  As water flows through that ring, 
the negative charge will induce a positive charge in the water.  This positively charged water 
charges its respective right reservoir and some of that charge flows to the ring on the left.  As the 
water flows through both nozzles more charge builds.  His experiment produced voltages 
between the charged reservoirs in the kilovolt range [10, 11, 12]. 
 
Figure 4: Lord Kelvin‟s Experimental Setup ([12], © University of Waterloo) 
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John Zeleny observed the electrospray phenomenon in 1914 with his experiments with 
ethanol.  In 1964, Geoffrey I. Taylor established the physics of the interaction of liquids in 
capillaries with electrical fields [3, 4].  The first time electrospray was used in a scientific 
process was in 1968 when Dole and coworkers transferred high molecular weight polystyrene 
ions into the gas phase from a benzene/acetone solution [10, 13]. 
2.1.2 Electrospray Theory 
Electrostatic Effects on Droplets 
Lord Rayleigh demonstrated that excessive charge on a liquid drop would lead to droplet 
disintegration when the repulsive force between the charges on the droplet surface exceeded the 
surface tension [3].  The regimes for this behavior can be described by the following expression: 
   
        
         
 
  
         
    1 
 
Where the fissility (X) is the ratio of electrostatic repulsion force (ECoulomb) to the surface 
force (Esurface).  The surface tension is σ, static permittivity
4
 is εo, and R is the radius of the water 
drop.  If X ~ 0, the droplet is in spherical form.  As the fissility gets closer to one, the more 
elongated the droplet‟s shape becomes [14, 15]. 
Macky conducted an experiment in which 1 to 3 mm diameter water droplets dripped 
through an electric field with the apparatus shown in Figure 5 [16].  A high electric field was 
applied between the plates (A) and (B).  Water droplets are produced from the reservoir (C) and 
pass through a stopcock (D) and field-free region (E).  Macky noticed that the electrical fields 
caused the droplets to elongate into spheroids due to the electric field.  At a critical field strength, 
                                                 
4
 The static permittivity is a measure of liquid‟s ability to store electric potential energy [15]. 
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droplets developed instabilities resulting in the symmetrical formation of two smaller droplets 
from opposite sides of the original droplet [16]. 
 
Figure 5: Macky‟s Experimental Design ([16], © Royal Society of London) 
As the charged liquid leaves the capillary, the accumulation of charge on the liquid 
surface makes it unstable and a Taylor Cone develops as shown in Figure 6.  The higher the 
potential applied to the liquid, the more likely it is to produce a corona discharge
5
 [3].  A positive 
or negative voltage can be used for electrospray.  There is more of a risk of corona discharge if a 
negative field is used due to the flow direction.  Because a corona discharge is detrimental to the 
experiment, using a positive voltage would be safer [7]. 
                                                 
5
 Corona discharge is when the electrical field on a sharp point of a conductor exceeds the field strength of a 
medium (e.g. air) and an electrical discharge occurs [18]. 
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Figure 6: Electrospray Taylor Cone ([19], © New Zealand Institute for Plant and Food Research) 
In an electrospray, it has been observed that the Taylor cone can pulsate and is not 
completely stable for arbitrary operating conditions.  There are two different oscillations 
observed, low and high frequency vibrations.  The low frequency is due to the fact that the flow 
rate and the output rate of the liquid do not match.  As seen in Figure 6 the flow is much faster in 
the jet than it would be in the capillary.  This creates pulsation with a frequency as low as a few 
tens of Hertz.  The high frequency is due to the droplet breakup creating the high frequency in 
the Kilohertz range [7].  Also the pulsations in the Taylor cone could be due to the current 
oscillations from the mismatch between the flow supply and the rate of removal through the jet.  
Stable sprays can form by adjusting the spray parameters such as current and flow rate [3, 20].  
Electric Field Inception for Electrospray  
In his experiments, Geoffrey Taylor assumed that the surface of a liquid was at the same 
potential that was applied to the capillary.  He also assumed the charge depended on the distance 
from the center, proportional to R
-1/2 
where R is the radial coordinate (azimuthal
6
 symmetry).  
                                                 
6
 Azimuthal symmetry is the rotational symmetry about the z-axis.  
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From these assumptions, Taylor derived an equation expressed in spherical polar coordinates 
[21]:  
         
 
   
 
(    ) 2 
 
With the assumptions Taylor stated, the electrical field (V) can be calculated as a function 
of voltage (V0) applied to the capillary, the distance (R) from the center of the cone, and the 
Legendre Polynomial (P1/2[cosθ]) of order ½.  A is a constant (A= 4.53 x 10
5
 σ 1/2) [21, 22].  At 
the surface of the cone the electrical field has the following relationship [22]:  
     
 
 
  
  
     
 
 
 
  
[    (    )] 3 
 
In equation 2, if V= V0 on the surface of the cone, the equation simplifies to [21]:  
     (    )     4 
 
Gray M. C. tabulated the Legendre function [23].  It has only one real root in the range 0 
< θ < π at θ = θ0 = 130.7099 degrees.  The function is positive and finite in the range 0 < θ < θ0 
and it approaches infinity as θ approaches π.  The only possible electric field that can exist in 
equilibrium at the Taylor cone fluid surface is one consistent with a cone of semi-vertical angle, 
or half angle α = π – θ0 = 49.3 degrees.  This assumes that the electric field stress and the surface 
tension are in balance as stated in the previous section [21]. 
Once a high enough voltage is applied to the capillary, the meniscus begins to deform 
into the Taylor cone.  For a Taylor cone to form the following relationship must hold for the 
electrical field [7]:  
 
     
     
      (
  
    
)
 
5 
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where Vcap is the voltage applied to the capillary, rcap is the inner radius of the capillary, and d is 
the distance from the capillary to the extractor electrode.  Equation 5 has been plotted showing 
the distance d versus the capillary inner radii (rcap) in Figure 7.  There is also a plot of the electric 
field induced between two infinite planes (E=V/d).  As the radii of the capillary decreases, the 
electrical field increases.  The use of micro and nano spray capillaries reduces the applied 
voltage for electrospray.  High voltage makes handling the system more dangerous [7]. 
 
Figure 7: Capillary Radius and Distance Effects on Electric Field ([7], © American Chemical 
Society) 
The Rayleigh Limit 
 As a droplet carrying charge evaporates, the charge density in the droplets increases.  The 
Rayleigh limit is the point where the repulsive electrostatic force from the charge (q) overcomes 
the surface tension of a droplet.  The limit depends on the pressure pR related to the curvature and 
the surface tension on the surface of a sphere and the electrostatic pressure pE for a charged 
sphere [7]. 
11 
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where ω is the surface charge density and ε is static permittivity.  The Rayleigh limit charge (qR) 
is given by the following equation [10]: 
       
  (      )    √   
  7 
 
where r is the droplet radius.  This limit can be reached by evaporation of the liquid carrying a 
given charge or by application of charge in excess of qR.  Once this limit is reached the droplets 
burst apart into smaller droplets.  The droplets can break up symmetrically or asymmetrically.  
The droplets spread out from the center axis as they repel themselves.  Figure 8 shows the 
“lifetime” of a charged droplet [10]: 
 
Figure 8: Droplet Lifetime ([10], © California Institute of Technology) 
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Taylor‟s spheroidal approximation, discussed earlier, is not as accurate at predicting 
shapes and critical fields because charged droplets are egg or tear-shaped.  This creates a higher 
curvature on the side carrying the net charge.  At a particular level of charge, the droplet shape 
becomes unstable at a critical electric field as is seen by the development of a single jet stream 
leading to droplet fission.  This is when droplets break down further into smaller droplets [10]. 
Droplet Fission 
As noted above, droplet fission occurs when the Rayleigh limit is reached.  Both even 
and uneven fission occurs.  Uneven or rough fission is when the droplet breaks up into a few 
large and unequal fragments.  Even or fine fission is when the droplet explosion produces many 
fine, small and relatively mono-disperse droplets.  Even though there is no consensus regarding 
what determines which way they break up, it could be related to droplet size and other physical 
properties of the liquid [7]. 
As the droplets travel towards a grounded electrode, some of the liquid is lost due to 
evaporation.  This can lead to the increase in the surface charge and Coulomb explosions
7
 can 
form which reduces the size the droplets further [3].   
Gomez and Tang observed uneven fission in their experiments [24].  The offspring 
droplets are mostly ejected in the sidewise direction toward the periphery of the electrospray, just 
downstream from the Taylor cone.  The primary droplets may vibrate just after their emission 
due to cone breakup, alternating from oblate
8
 to prolate
9
 shapes until they stop vibrating, 
assuming spherical form [7]. 
                                                 
7
 Coulomb explosion is when the droplet breaks up into portions carrying different amounts of charge, and the 
charged droplets separate due to coulomb repulsion [25]. 
8
 Oblate - Flattened at the poles, as a spheroid generated by the revolution of an ellipse about its shorter axis [26]. 
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2.1.3 Uses for Electrospray 
Electrospray can precisely transport controlled volumes of liquid droplets which makes it 
useful for many applications across many fields.  The applications that electrospray covers range 
from nanotechnology to macroscopic applications. Electrospray is used in paints and coatings of 
metal surfaces in industry.  The spray can form very fine, smooth, even films where the paint is 
attracted to the metal. This lowers the production cost of components by reducing the amount of 
organic solvents used and also reduces environmental impact.  Electrospray is also used in 
electric propulsion for spacecraft by generating high velocity droplets to produce thrust [4].  
Electrospray can also be used for crop dusting with various insecticides [3]. 
Nano-electrospray can be used for mass-spectroscopy of bio-molecules [3].  A critical 
application in mass spectrometry, a chemical analysis process, is soft ionization.  The soft 
ionization process generates a gas phase ion from a typically solid or liquid chemical.  The 
molecule being ionized does not fall apart or break up hence the name “soft” [4].   
2.2 Flow Focusing 
Flow focusing is a technique used to produce small, uniform droplets at a near constant 
rate.  It has developed as a research area since the experimental observation that a funnel shaped 
“lens” forms when a flowing gas creates shearing forces on a liquid forcing a pressure drop 
across an orifice.  The liquid is defined as the core fluid and the gas is the non-core fluid.  The 
core fluid then proceeds through the lens as seen in Figure 9.  In Figure 9, the jet eventually 
becomes unstable and forms close to uniform droplets.  While the lens cannot be seen, its 
presence can be indirectly observed by misaligning the capillary with the exit orifice as shown in 
                                                                                                                                                             
9
 Prolate - Elongated along the polar diameter, as a spheroid generated by the revolution of an ellipse about its 
longer axis [27]. 
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Figure 10.  The flow of liquid will bend in order to travel through the center of the lens [28].  
This relatively new discovery allows for the production of droplets of the liquid on the scale of 
micrometers.  Gañán-Calvo, who is was an important factor in understanding this phenomena, 
originally referred to the jet as microthreads and monodisperse sprays. 
                                       
Figure 9: Funnel Created by Flow Focusing ([28], © New Objective, 2004) 
 
 Figure 10: Capillary Misaligned with Exit Orifice ([28], © New Objective, 2004)  
2.2.1 Flow Focusing Theory 
The main hardware to produce a microjet using flow focusing techniques in Gañán-
Calvo‟s experiments consisted of an airtight box, a capillary, and an exit orifice.  The box is 
completely airtight with the exception of the orifice.  The capillary and orifice have an inner 
diameter on the scale of hundreds of microns, with the orifice typically being the smaller of the 
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two.  This is due to the fact that the jet diameter is always smaller than the inner diameter of the 
capillary and proceeds to get smaller as it approaches the orifice.  Once the capillary is placed 
vertically down from the top of the box with the orifice vertically below it, the box is pressurized 
with a gas creating the pressure drop across the orifice.  While the initial pressure is variable, the 
pressure inside of the enclosure must be larger than the pressure on the outside of the enclosure. 
This pressure difference creates a pressure drop sufficient to establish the shearing forces on the 
liquid and form the lens of fluid.  The core fluid then flows from the capillary into the box.  As 
seen in Figure 11, the gas applies shearing forces on the liquid and guides it to the center of the 
funnel as it finds its way outside of the jet source enclosure through the orifice. [29] 
 
Figure 11: Streamlines of Flow Focusing ([30], © Physical Review E) 
In Figure 11, τs represents the tangential viscous stresses [31].  Using cylindrical 
coordinates (r, z), Gañán-Calvo was able to derive an equation for the jet diameter that only 
depends on the flow rate of the liquid.  He assumes that the viscous extensional term is negligible 
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compared to the kinetic energy term and ignores liquid evaporation.  He began with the average 
momentum equation: 
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where   is the core fluid flow rate,    is the density of the core fluid,  is a non-dimensional 
radius of the steady liquid thread from the cusp-like meniscus coming from the capillary, and the 
liquid pressure,   , comes from the equation: 
       
 
 
 9 
 
where   is the adiabatic index of the liquid and    is the pressure of the gas.  The minimum 
pressure drop applied to the gas, Δ  , occurs when the kinetic energy of the fluid (   
 ) 
(       ) is equal to the surface tension    .  This leads to the equation  
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where    is the jet diameter which is equivalent to .  For   sufficiently larger than    , it is 
obtained that   ~    and Equation 11 can be rewritten as: 
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By integrating Equation 11 one obtains a simple and universal equation for the jet 
diameter at the orifice: 
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To obtain a relationship between    and   such that it is not dependent on Δ   or   , let 
   and    be the minimal values from Equations 10 and 12: 
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Combining Equation 13 into one equation: 
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It has been experimentally proven that this equation holds true [31].  Because the jet 
stream diameter is much smaller than the capillary inner diameter, the energy balance at the tip 
of the capillary is not affected by the liquid and all energy losses are negligible [30].  During 
flow focusing, the liquid never comes into contact with the orifice because it is always 
surrounded by the gas once it leaves the capillary.  This means that changing the inner diameter 
of the orifice changes the diameter of the core fluid as it passes through the orifice.  It also 
implies that changing the liquid and gas flow rates can also change the diameter of the liquid jet. 
[32] 
After the liquid has left the enclosure, the jet will eventually become unstable and break 
up into droplets that are almost identical in size.  Flow focusing can also be performed 
pressurizing the box with a liquid and a gas comes out of the capillary. In this case, after the jet 
of gas leaves the box, the jet will break up into near uniform bubbles.  These bubbles are known 
as microbubbles [28].  Because the jet is then under atmospheric pressure, the bubbles can 
expand and become larger than the orifice.  In both cases, the bubbles and droplets typically have 
a diameter of hundreds of microns and are produced at a regular rate [32].   
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2.2.2 Alterations on Standard Flow Focusing 
The previous section described how a simple flow focusing jet works, however there are 
many alterations to the original design that can allow for a different jet stream.  One such 
alteration is hydrodynamic flow focusing.  This is used to study the effects of shear and 
extension strain of biological fluids.  The main idea is to change the flow rate of the core and 
non-core fluids.  It is also important to note that the inlet for the non-core fluid allows for two 
non-core fluids, both at different flow rates.  Figure 12 shows four different cases. In the ratio 
section in Figure 12 the left, middle, and right values corresponds to the pressure of the top, 
middle, and bottom liquid in the corresponding image.  
 
Figure 12: Hydrodynamic Flow Focusing ([33], © Society of Photo-optical Instrumentation 
Engineers) 
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 Another variation on “standard” flow focusing is electro-flow focusing (EFF).  
Essentially this combines electrospray and flow focusing.  This procedure allows for the 
production of droplets that are significantly smaller than in ordinary flow focusing.  Overall EFF 
is capable of producing a smaller stream and droplets than electrospray and flow focusing can do 
separately.  Figure 13 depicts the setup of an EFF jet.  The main difference from flow focusing is 
the voltage applied to the capillary and the exit orifice. 
 
Figure 13: Electro-Flow Focusing Design ([1], © Cambridge University Press) 
Free charges move to the liquid-gas perimeter to form a quasi-equilibrium layer if the 
relaxation time is sufficiently shorter than the characteristic hydrodynamic time.  This is 
essentially the driving force that causes EFF to work so well.  It is also a condition that must be 
met for an electrospray jet. [1]  
Valve-based flow focusing is a method to alter droplet size and frequency without 
changing the physical geometry of the jet setup.  Parts a. through d, in Figure 14, depicts the case 
in which the droplet size is being altered.  Doing so reduces the orifice diameter which forces an 
increase in the local flow velocity.  The end result is a smaller droplet.  Parts e. through h. show 
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the scenario where the valves are now forcing the droplet frequency to change.  The new 
orientation of the valves is shown in Part e.  The valves are forcing some of the fluid to be 
removed from the jet stream resulting in an increase in the number of droplets.  This reduces the 
flow rate and directly increases the rate at which the droplets are being formed.   
 
Figure 14: Valve-Based Flow Focusing ([34], © American Institute of Physics) 
 Valve-based flow focusing is a fairly simple and reliable technique.  It is most useful 
when implemented in an application where the flow rate of the jet cannot be changed.  In most 
cases it can be easily attached to an existing jet because it is completely outside of the 
pressurized box [34]. 
2.2.3 Uses for Flow Focusing 
Flow focusing has been shown to be able to produce droplets and bubbles with a diameter 
on a scale of 100 μm.  More importantly it can do this at a near constant rate and requires low 
maintenance.  Because the technology is still fairly new, many uses for it are still in development 
such as hydrodynamic flow focusing which is used to study biological fluids.   
 A team of engineers from Kyushu University (Japan) have been working to produce sub 
sieve-size mammalian cell-enclosing capsules of less than 100 μm in diameter using flow 
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focusing techniques.  Current techniques require the administration of an immunosuppressant 
which suppresses immune system functions and increases the susceptibility to infectious diseases 
and cancers.  Sphere shaped vessels, which carry the drug, have been shown to be an effective 
strategy to curing many diseases such as diabetes, hemophilia, and cancer. In their experiment 
they enclosed cells in sub sieve-size agarose (a linear polymer) capsules.  They were able to 
yield a 96.6% success rate and cell activity would continue for up to three weeks.  Additionally 
the sub sieve-size capsules were produced with less consumption of water-immiscible liquid than 
other non-flow focusing techniques.  Figure 15 shows the agarose capsules; the white bar 
indicates 200 μm [35]. 
 
Figure 15: Agarose Capsules by Flow Focusing ([35], © Elsevier B.V.) 
2.3 Fluid Microjet Background 
Both electrospray and flow focusing techniques generate microjets by use of tapering 
microjets or cone jets.  In both cases (as mentioned above) a static meniscus with a pronounced 
cone-like or tapering shape develops, then from the tip of this meniscus a micron or sub-micron 
monodisperse stream forms.  This “tip streaming” is used to produce small droplets under a 
variety of conditions.  Tip streaming can be further distinguished as either unsteady tip streaming 
(UTS) or steady tip streaming (STS).  UTS is key in drop-on-demand applications, while STS is 
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the main source in the long-term production of droplets with a finely controlled size; STS 
produces a long jet that extends downstream and then breaks into droplets through Rayleigh 
instability.  The focus of this project will be solely on STS for its ability to produce continuous 
high quality sprays [30]. 
2.3.1 Applications 
Daily, on a worldwide basis, vast quantities of liquid are atomized.  The various 
applications and current technologies that utilize liquid atomization include most 
chemical/biochemical processes such as combustion, agricultural treatments, surface finishing, 
respiratory drug delivery and atomic spectrometry.  It has been estimated that worldwide ground 
transportation alone requires the atomization of fuel at a global flow rate ranging from 100 to 
300 m
3
/s.  The technologies and industries that incorporate liquid atomization would benefit 
greatly from the ability to accurately control stream flow rates and droplet size [1]. 
2.3.2 Theoretical Jet Diameter and Droplet 
The main concern in creating a micro fluid jet using electrospray and flow focusing is to 
be able to quantify the resulting fluid microjet stream.  The dependent variables in this 
experiment are the fluid jet diameter and the average size of the droplets.  The jet diameter and 
droplet size are dependent on the voltage applied to the jet, the distance between the capillary 
exit and the orifice hole, the difference in the pressure between the inside and outside of the 
enclosure, and finally the flow rate of the liquid.  Other fluid properties such as density and 
electrical conductivity have effects as well.  To find both the fluid jet diameter and droplet size, 
simplified Navier-Stokes equations and the Euler equations for an inviscid and incompressible 
gas are used [1]. 
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 After boundary layers are considered, a set of assumptions can be made that lead to the 
final equation.  The theory assumes that there is a one-dimensional flow and that the flow is 
symmetrical in all directions.  The viscosity of the fluid is negligible, which further simplifies the 
Navier-Stokes equations.  The last assumption made is that electric dissipation and electric 
pressure can be ignored due to the fact that the experiments will not be run near the electrospray 
limit, this limit being the point at which the voltage being used is high enough to induce 
electrospray versus flow focusing [1]. 
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The parameter “IV” is the electrical power supplied to the capillary, Q is the volumetric 
flow rate,   is the density of the liquid, σ is the surface tension, and  Reff is the median droplet 
size.  The parameter   is the ratio of electric energy to mechanical energy supplied.  Very low   
shows nearly pure flow focusing while ratios that approach infinity show pure electrospray.  The 
droplet diameter can be determined by the assumption that the jet is monodisperse.  Additionally, 
since the fluid jet is monodisperse it can be assumed that the droplets are similar in size.  So    
 Reff 1.89 the droplet diameter is related to the jet diameter using the Rayleigh factor of 1.89 [1]. 
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2.4 Prior Work 
2.4.1 Microjet MQP 2008-2009 
„Production of a Fluid Microjet Using Electrospray and Flow Focusing‟, advised by 
Professor Blandino, was a Major Qualifying Project whose purpose was to design, build, and test 
an apparatus that produces a stream of fluid using electrospray and flow focusing techniques. 
A jet source enclosure (JSE) was designed, which is also used by the 09‟-10‟ MQP 
group.  The design was accommodated to fulfill certain requirements such as being airtight 
except for the jet exit orifice, facilitating alignment of the capillary with the orifice,  as well as 
being  made of a highly conducting metal and grounded for safety (for electrospray and electro-
flow focusing).  
A mass flow delivery system (FDS) was supplied by Prof. Blandino, which is also used 
by the 09‟-10‟ MQP group.  The FDS was calibrated last year as well as this year (Section 3.1.6).  
The pressure transducer on the FDS was used to determine the flow rate of the liquid. A voltage 
reading was read when the pressure was turned on, which was converted into pressure readings 
using a found relationship between the voltage and the pressure readings (by calibration).  
Compressed air was used to pressurize the enclosure.  The machining for fabrication of the jet 
source enclosure was done off-campus by an outside source [2].  
Once assembled, the device was tested.  Pictures were taken using flow focusing 
technique of the jet stream inside and outside of the jet enclosure.  Due to time constraints, the 
electrospray technique was not tested last year [2].  
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Figure 16: Mass flow rate system's schematic ([2], © WPI) 
The mass flow delivery system was calibrated and the details of the experiments were 
shown in 08‟- 09‟ year‟s report.  A graph of the mass flow rate versus voltage from the pressure 
transducer, excerpted from 08‟ – 09‟ year‟s report is shown in Figure 17 [2]. 
The flow delivery system had not been used for over four years before the ‟08-‟09 MQP 
group used it.  The following is an excerpt from [36] describing the mass flow rate system used:  
The [liquid] is stored in an electropolished stainless steel sampling cylinder. The 
upper end of the cylinder is connected to a regulated air supply, which is used to 
inflate a balloon inserted into the cylinder. The expanding balloon allows for 
expulsion of the [liquid] without exposure of the [liquid] supply to pressurized 
air, which can increase the presence of dissolved gases in the [liquid]…The flow 
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is passed first through a 10-μm filter and then a 2-μm filter before entering the 
capillary flow restriction. The control of such low flow rates required the use of a 
capillary to increase the pressure drop in the feed line. Approximately 25 cm of 
63.5-μmi.d. (0.0025-in.) capillary made of polyether ether ketone (PEEK) was 
found to provide sufficient flow resistance. The pressure drop across the capillary 
was measured with a 50-psi (max) differential pressure transducer (Omega PX-
2300). Two bleed valves were used to purge trapped air from the lines.   
There was a polyether ether ketone (PEEK) tubing used to reduce the flow rate.  They 
used a 1 in. piece of PEEK tubing during their experiment.  A balloon was used in the liquid 
storage tube as a bladder in order to push the liquid through the system using the compressed air.  
Later, the bladder was removed, and compressed helium was used to exert pressure on the liquid 
water to force it through the system.  
 
Figure 17: (mg/s vs. V) Mass Flow Rate Calibration ([2], © WPI) 
 Then, the jet source enclosure was tested by putting the capillary into the jet enclosure 
and turning on the pressure transducer and pressurizing the FDS.  The capillary inner diameter 
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used was 0.02 in. and the exit orifice diameter was 0.0156 in. for the experiment.  A camera was 
placed at the exit orifice in order to visualize the flow.  The results are shown in Table 1.  The 
sputtering effect was noticed, i.e. small droplets at the end of the capillary that would spray out 
the orifice at regular intervals. 
Table 1: Mass flow rate tests conducted with jet source enclosure. ([2], © WPI) 
 
 As a steady stream was hard to achieve, the PEEK tubing was removed.  In order to 
create a steady jet stream, flow rates ranging from 200 mg/sec to 750 mg/sec were used.  Flow 
rates below 300 mg/s resulted in sputtering.  The basic purpose was repeatability of Gañán-
Calvo‟s experiments, although other parameters and the environment may have been different in 
Gañán-Calvo‟s experiments compared to the 08‟ - 09‟ year‟s MQP group‟s experiments.  A 
comparison of 08‟ - 09‟ year‟s experiments, results, and parameters with that of Gañán-Calvo‟s 
experiments is shown in Table 2 below.  As can be seen from the data in Table 2, the mass flow 
rate affects the behavior of the stream. 
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Table 2: '08-'09 MQP Group vs. Gañán-Calvo experiments ([2], © WPI) 
 
2.4.2      -Calvo Experiments 
Dr. Alfonso Gañán-Calvo is a professor of fluid mechanics at the University of Seville in 
southern Spain.  He is largely responsible for the development of flow focusing and electrospray 
technology, and consistently continues to improve and further his research.  Dr. Gañán-Calvo 
received the Smoluchoski Award in 1998 for his outstanding work on producing uniformly sized 
nano particles, and has received several patents and produced many publications on the subject. 
Since the late 1990s, Gañán-Calvo‟s publications have explored and documented various 
results in flow focusing and electrospray studies.  One recent example co-written with Jose 
Montanero in 2009 is his „Revision of capillary cone-jet physics: Electrospray and flow 
focusing‟ [30].  As the title suggests, this publication discusses multiple examples that suggest 
revisions to the physics that have been proposed to describe cone-jets.  In this article, 
calculations of the jet‟s stability with respect to certain flow parameters are discussed.  The 
energy balance in the flow focusing technique as well as the electrospray technique is analyzed.  
In the end, the authors describe the role of an effective pressure drop on the electrospray data.  
The pressure drop is a function of only the liquid properties, not the flow rate and applied 
voltage.  Detailed analysis of the stability limits for the operational regimes show similarities 
between flow focusing and electrospray. 
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Another study highly relevant to this project is Gañán-Calvo‟s co-publication with Jose 
Lopez-Herrera and Pascual Riesco-Chueca, revised in 2006, „The combination of electrospray 
and flow focusing‟ [1].  The study measured the emitted droplet size of the fluid when subjected 
to both spraying techniques combined.  Electrical discharges through the gas (between the jet 
and the orifice) were measured.  Experiments were conducted with varying geometries, 
viscosities, surface tensions and electrical conductivities of the liquid.  These experiments were 
analyzed with varying parameters such as liquid flow rate, gas pressure drop and capillary to 
orifice voltage.  The results showed that these parameters not only affect the droplet size but also 
the stability limitations.  For example, high voltage results in smaller droplet size.  It was also 
found that higher voltage results in multi-jet emissions which emerge at an angle to the 
symmetry axis.  The advantages of electro-flow focusing (EFF) over flow focusing and/or 
electrospray, such as finer droplet sizes, enhanced stability, and wider operation range were 
discussed. 
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Chapter 3: Experimental Design 
The objective the MQP was to characterize the liquid jet formed from electrospray (ES), 
flow focusing (FF), and electro-flow focusing (EFF).  FF and ES techniques were attempted to 
follow Gan  n-Calvo‟s experimental specifications [1, 31].  To accomplish this, a stand was built; 
mounts and stands for diagnostic equipment were built; and conductive liquid (Saline) was 
bought.  Optical diagnostics were utilized for jet diameter measurements.  Electrical Diagnostics 
were designed and built to further characterize the spray from the jet. 
3.1 Jet Source System 
In order to properly carry out experiments on the production of a liquid microjet using 
electrospray and flow focusing, an appropriate apparatus stand had to be designed and 
constructed.  This structure needed to incorporate room for diagnostic testing, while providing a 
stable support for the hardware.  The design requirements included adjustable height, the ability 
to easily change the point of view of the cameras, and enough available space to add more 
cameras, electrical current measuring devices, and/or anything else that may be called for as the 
experiment progresses.  As the experiment advanced, an additional mounting bracket was 
necessary to fasten the spray droplet distribution measuring apparatus. The spray droplet 
distribution measuring apparatus is a device that will able to measure the distribution of the 
electrospray droplets. This mount was integrated into the original design with similar 
adjustability and materials.  
3.1.1 Stand 
The previous setup did not include the capability to easily change the positions of either 
the camera or the jet source enclosure (JSE). This can be seen in the following figure.   
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Figure 18: Previous Group‟s Setup ([2], © WPI) 
 
The current design was devised with both of these ideas in mind.  The goal was to have a 
stand manufactured that could provide a mount for the jet source enclosure and have the 
capability to adjust the height. A basic initial design was made using SolidWorks and can be 
seen in Figure 19 below. The camera mount was also designed to be fully adjustable, allotting 
room for diagnostics.  
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Figure 19: Stand 
It was decided that the design was to be constructed using T-slotted extruded aluminum 
framing and hardware manufactured by Faztek. Examples of the T-slotted extruded aluminum 
framing and hardware can be seen in Figure 20, Figure 21, Figure 22 and Figure 23.  Although 
the cost was higher than its raw stock counterpart, it offered a much cleaner finish as well as 
much less time machining.  It was built around the dimensions of the one inch by one inch 
aluminum extrusion, an aluminum base plate (with pre-drilled and tapped holes), as well as 
having the ability to fulfill all the requirements specified previously.  Three segments of the T-
slotted extruded aluminum, twenty-eight fasteners with ¼ inch Button-Head Cap Screws, four 
corner connectors, and four L-brackets had to be used. 
 
Figure 20: Fastener and Button-Head Screw ([37] © McMaster-Carr Supply Company) 
Califone 
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Jet source 
enclosure 
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Figure 21: Corner Connecter ([37] © McMaster-Carr Supply Company) 
After creating the design, dimensions of the part were checked, and it was found that all 
the hardware could be purchased from McMaster-Carr, except for the L-brackets that can be seen 
in Figure 21.  They needed to be modified to be able to fit both the T-slotted extrusion fasteners 
and to be able to reach the two tapped holes in the base plate.  
Stand Modifications 
After the jet source enclosure stand was manufactured and built, a second mounting 
platform and bracket were designed to accommodate the spray droplet distribution measuring 
apparatus which can be seen in Figure 22. Similar T-slotted extrusions and hardware were used.  
Five pieces of T-slotted extruded aluminum were cut and deburred in similar fashion as before.  
The mount was constructed and attached to the jet source enclosure stand using six L-shaped 
brackets purchased from McMaster-Carr.  A total of twenty-four button-head cap screws and 
fasteners were used in this build.  
34 
 
 
 
Figure 22: SolidWorks Model of modified stand with Parker Motion MX80S Servo Motor 
Servo Motor and Current Measuring Device 
 A model MX80S servo motor (Parker Motion, Rohnert Park, Ca), was to be 
affixed to the stand using the newly designed and built mount. The motor is attached to a thick 
piece of sheet aluminum cut to a size of 4.5 in. by 5 in. Eight holes were drilled into the sheet 
aluminum using both a 0.25 in. and a 0.125 in. drill bits. The four outer holes were drilled using 
a 0.25 inch drill bit.  They are used to attach the sheet aluminum plate to the mounts.  The other 
four holes are much smaller.  They are used to accommodate four 6-32 socket head bolts, which 
are used to mount the Parker Motion MX80S servo motor to the aluminum plate. 
Extrusions and Hardware 
The T-slotted aluminum extrusions are composed of 6105-T5 aluminum.  The 
approximate cross sectional dimensions are one by one inch (Figure 23). There are four “T” 
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shaped extruded channels in the brackets that are capable of holding the fasteners.  Two 4-foot 
long sections were acquired and cut into segments using a band saw at the Worcester Polytechnic 
Institute machine shop. 
 
Figure 23: T Slotted Extruded Aluminum Dimensions ([38], © F & L Industrial Solutions, Inc.)  
Two 20 in. pieces, two 8 in. pieces, two, 6 in. pieces, and two 4 in. pieces were cut and 
deburred.  The button-head cap screws and fasteners are made of black zinc plated steel.  They 
are a ¼-20 size and 0.5 in long.  The fasteners are 1 in. long and 1 in. wide and are tapped for ¼-
20 screws.  A total of fifty-two button-head screws were purchased between McMaster Carr and 
MSC Industrial Supply.  The four corner connectors have approximate dimensions of 3 in. by 3 
in. inches.  They include five ¼ in. holes for the button-head screws.  
L-Brackets 
Four 3 in. x 3 in.  L-brackets were purchased at the local Home Depot© and modified to 
be able to fit one ¼ in. socket head screw and two ¼ in. button-head screws. The holes were 
drilled using a hand drill and ¼ in. drill bit.  
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Figure 24: Custom made L-Bracket 
Six L-Brackets were ordered from McMaster-Carr and used in the construction of the 
support bracket for the spray droplet distribution measuring apparatus described in Section 3.3.2. 
The length of both the sides was 2 in.  A total of four 0.25 in. holes are predrilled in the brackets.   
 
Figure 25: 2 inch x 2 inch L-bracket ([37] © McMaster-Carr Supply Company) 
Two custom-made L channels were manufactured to attach the Parker Motion MX80S 
servo motor mount to the adjustable frame.  The reason for these to be specially made was 
because one of the arms had to be 1 in. long while the other needed to be 1.5 in. long.  This 
allowed for a clean finish while still being able to sturdily fasten the MX80S Step Motor.  The 
bracket is formed from a 90 degree pre-bent piece of aluminum also known as “L-channel.”  The 
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two segments were cut to a width of 4 in. each.  The sides were originally 1.5 in. long each.  One 
of the sides was cut to 1 in. long.  A total of four holes were then drilled into the L-bracket using 
a 0.25 in. drill bit.  The one inch long arm side was attached to the T-slotted extruded aluminum.  
The 1.5 inch side was mounted to the bottom of the aluminum plate that the step motor was 
attached to. Figure 26 shows the custom bracket installed. 
 
Figure 26: Custom made bracket for MX80S step motor 
3.1.2 Jet Source Enclosure Bracket 
After all the previous materials had been assembled, a bracket was constructed to mount 
the jet source enclosure to the stand.  A piece of sheet aluminum, 5.5 in. long by four inches 
wide, had eight holes drilled into it: six #10 clearance holes to be able to mount to the existing jet 
source enclosure, and two  ¼ inch holes at the top to mount to the cross beam of the stand.  
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Figure 27: Jet Source Enclosure with Bracket 
3.1.3 Orifice Cap and Bracket 
The dimensions of the orifice cap hole, shown in Figure 28, is one of the main variables 
that directly controls the size of the jet stream produced in flow focusing and electro-flow 
focusing (EFF).  The shearing forces from the pressure difference and the diameter of the orifice 
hole forces the saline resultant jet stream to a certain diameter (Dj) that is smaller than the 
diameter of the orifice hole.  Because initial tests were intended to reproduce conditions in some 
tests by Gan  n-Calvo [30], the thickness of the disc near the orifice hole needed to be two times 
the diameter of the orifice hole diameter.  Because both these dimensions are small, the disc 
needed to be made out of material that can withstand general handing and use.  As in the 
previous year‟s design, the cap needed to fit in the JSE so that pressurized air did not escape 
other than from the orifice hole.  For ES and EFF to work, the cap also needed to be conductive.  
Lastly, it is crucial for optical diagnostics that the cap allows a line of sight from the capillary tip 
to the optical microscope. 
The design of the cap is a flat disc, 30.5 mm in diameter, made of stainless steel with four 
holes, Figure 28.  The three holes along the outside are for screws and the orifice hole is in the 
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middle of the disk.  The stainless steel bracket (30.5 mm diameter, 4 mm height) that secures the 
disc in place is a thick washer with three holes and a section cut out for better visibility with the 
microscope.  To obtain the small size for the orifice hole, a technique called electrical discharge 
machining (EDM) was needed.  EDM cuts material with electrical discharges and it allows more 
precise and smaller cuts than conventional cutting tools.  Intra-Cut Tools LLC (Holland, MI) 
produced the stainless steel discs and bracket to the required specifications.  Stainless steel is 
resistant to afterburning effects of EDM.  Afterburning is the melting of material from intense 
heat affecting how clean the cuts are. To go with the two capillary sizes, there were two disc 
specifications needed.  The large disc needed to be a thickness of 0.635 mm with a hole diameter 
of 0.3175 mm.  The small disc needed to be a thickness of 0.4953 mm with a hole diameter of 
0.2159 mm. 
 
Figure 28: Orifice Disc and Bracket 
A Nikon Epiphot optical microscope at WPI was used to image the orifice disc holes.  
The microscope resolution is 1280 x 960 at 10x optical magnification (Figure 29).  This 
microscope was used to image the orifice holes more clearly so that the quality and size of the 
cut could be determined. 
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Figure 29: Nikon Epiphot ([39], © Brook-Anco Corp) 
Both sides of each disc were imaged.  See Appendix A for orifice hole pictures.  The 
number of pixels corresponding to the hole‟s height and width were counted. These results are 
summarized in Table 3.   
Table 3: Orifice Hole Size 
Disc Side Height (px) Width (px) Height (mm) Width (mm) 
Small 1 
1 453 459 0.302 0.306 
2 483 468 0.322 0.312 
Small 2 
1 511 516 0.34067 0.344 
2 418 422 0.27867 0.28133 
Small 3 
1 954 920 0.636 0.61333 
2 371 362 0.24733 0.24133 
Small 4 
1 394 386 0.26267 0.25733 
2 566 557 0.37733 0.37133 
Large 1 
1 476 455 0.31733 0.30333 
2 586 589 0.39067 0.39267 
Large 2 
1 476 488 0.31733 0.32533 
2 767 770 0.51133 0.51333 
Large 3 
1 518 523 0.34533 0.34867 
2 537 551 0.358 0.36733 
Large 4 
1 605 615 0.40333 0.41 
2 508 504 0.33867 0.336 
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3.1.4 Experimental Liquid 
For ES and EFF to work, the solution needed to be conductive.  For safety reasons, a non-
toxic fluid was chosen for testing.  CVS Pharmacy Sterile Saline Wound Wash (0.9% Sodium 
Chloride, 210 ml) was bought for preliminary tests and calibrations.  Later a four liter Sodium 
Chloride 0.9% aqueous solution was bought from RICCA Chemical Company.  It is ACS 
Reagent Grade Sodium Chloride (CAS No. 7647-14-5), in ACS Reagent Grade Water, (CAS No. 
7732-18-5). 
To be able to calculate parameters associated with FF, ES, and EFF, liquid conductivity, 
resistivity, and density data was needed.  The volume flow rate could be determined from 
knowledge of the mass flow rate and the density of the solution.  The density of an ionic solution 
in water is given by [40]: 
                     
 
      19 
 
where S is the salinity (g/Kg).  Salinity is found by dividing mass of the particles in solid form 
(in grams) by the mass of the water (in Kilograms).  The density of water ρwater is given be the 
flowing equation [40]: 
             (  
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where T is room temperature in Celsius and A, B, and C are the following [40]. 
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 At room temperature of 25°C, the density of water is 997.07512 Kg/m
3
 and the density of 
saline is 997.08195 Kg/m
3 
where S is 0.009 g/Kg (0.9% salinity). 
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3.1.5 Pressurized System 
The pressure systems for the flow focusing (FF), electrospray (ES), and electro-flow 
focusing (EFF) experiments are some of the most integral components of the entire experiment.  
For flow focusing alone, the pressure in the jet source enclosure (JSE) must be high enough to 
initiate shearing effects in the fluid as the air escapes through the orifice cap.  Just as 
importantly, the pressure of the flow delivery system (FDS) must be such that the flow rate does 
not exceed the rate at which fluid can be evacuated by FF.  The same holds true for electrospray 
and electro-flow focusing; the flow rates must be properly proportioned by accurate control of 
the pressure so as to attain proper function of the experiment. 
Jet Source Enclosure 
The Jet Source Enclosure vents its pressure to the environment, and for this reason it is 
pressurized with air so that other gases are not added to the laboratory atmosphere for the 
duration of the experiment.  The air for the tests comes from a 49.8 liter bottle (Northeast Airgas) 
of compressed, Grade D air.  An Airgas general-purpose, two-stage regulator, model No. 100-3-
346-V, is used to regulate the pressure from the air tank. 
 
Figure 30: Air Tank, Regulator, and Valves 
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Valves just downstream of the regulator are included to allow for temporary interruption 
of the airflow such as when venting of the pressure developed in the system is needed.  The air-
feed lines consist of a BV-4 screw valve connected to the regulator.  The other end attaches to a 
female-male Swagelok adapter, followed by a Swagelok double-female extension, which is 
linked to one of the ports of a quadruple-male junction.  One of the remaining three ports is 
stopped by an end-cap, and one of the others connects to a Swagelok double-female extension, 
terminating in a Whitey SS-2RS4 ball valve (vents to atmosphere when open).  The remaining 
port of the male junction is connected via ¼ inch swage nut and ferrule to 0.125 in. OD Parker 
Parflex 120psi PE tubing.  This tubing is then connected to the JSE using a Swagelok nut and 
ferrule.  The air then vents to the atmosphere through the orifice cap. 
 
Figure 31: Swagelok Connection to JSE 
To determine the pressure within the JSE, an Omega Engineering PX605-100GI thin film 
pressure transmitter is attached to the enclosure using Swagelok nuts and ferrules and a short 
length of Parker Parflex 120 psi tubing.   The transmitter uses a thin film polysilicone gauge and 
a 17-4PH stainless steel diaphragm to output a current between 4 and 20 mA, which corresponds 
to the pressure inside the enclosure.  This current is then transmitted to, and read by, an Omega 
Engineering DP25B-E 1/8 DIN process meter and controller.  This box reads the output of the 
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pressure transmitter and processes it into a pressure value, which is shown on its LED display.  
This is the display used to determine the pressure within the JSE, and to adjust the regulator to 
the desired pressure, as the analog gauges are not precise enough for these experiments. 
 
Figure 32: Omega Pressure Transmitter 
 
 
Figure 33: Omega Process Meter 
Flow Delivery System 
To pressurize the flow delivery system, helium gas from Aimtek, Inc. is used.  The 
cylinder is connected to a National Cylinder Gas two-stage regulator, model No. 5868. The 
regulator is connected such that there are two branches off of the outlet, one of which connects to 
a Whitey SS-43S4 ball valve that can exhaust to the atmosphere if need be.  The other attaches to 
valve that is then connected to Parker Parflex 120psi PE tubing, using a Swagelok nut and 
ferrule. 
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Figure 34: Hydrogen Tank, Regulator, and Valves 
The tubing extends to and joins the saline reservoir using a Swagelok fitting.  The 
reservoir used is a Swagelok DOT-3E 1800 sample cylinder, which attaches to the remainder of 
the flow delivery system plumbing.  To get a pressure reading of the saline, an Omega 
Engineering PX2300-50DI low differential pressure transducer is incorporated into the FDS to 
record the pressure difference across a length of PEEK resistance tubing.  The transducer uses a 
capacitive sensor, which outputs between 4 and 20 mA of current depending on the measured 
pressure difference.  This signal is output to a voltmeter, where the voltage reading corresponds 
directly to the pressure inside the flow delivery system.  Using the valves and the readouts of the 
pressure transducers, accurate pressures can be attained to facilitate ES, FF, and EFF.  The flow 
delivery system is more fully described in Reference [36]. 
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Figure 35: PE Tubing Connected to Reservoir 
 
Figure 36: Omega Pressure Transducer 
3.2 Motion Control System (MCS) 
The purpose of the Motion Control System is to move a diagnostic probe continuously 
back and forth through the jet stream.  The probe is designed to measure electrical current carried 
by the conducting fluid when a voltage is applied to the capillary.  Using the jet current vs. 
position data as a function of (horizontal) position, the width of the jet at a particular vertical 
position can be determined.  To facilitate use of the system in the future, a Motion Control 
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System User‟s Manual was created and provided to the advisor as a document separate from this 
report. It contains step by step directions on how to assemble and operate the entire system.  It 
also contains a collection of specifications for each device used in the system.  All technical 
information provided in this section comes from the User‟s Manual.  
3.2.1 Hardware 
In order to operate the system, there are six important devices that need to be properly 
connected and configured.  Including the computer, the six devices and their connections are 
shown in Figure 37.  Notice that the BE161FJ and the MX80S are interlocked and not simply 
connected by a cable.  The blue arrow indicates a one-time connection for initial configuration. 
 
Figure 37: Block Diagram 
Table 4 lists each of the six components, their manufacturer, and a brief description of 
their role in the system.  
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Table 4: Description of Required Hardware 
Device Producer Function 
6K8 
Controller 
Parker 
Communicates with the computer for input and output information. 
Relays the computer commands to the ViX500AE. 
ViX500AE Parker 
Servo drive. Amplifies input and output voltages. This allows the 
computer to understand feedback and delivers the appropriate voltage 
to the BE161FJ. 
BE161FJ Parker 
Servo motor. It received a voltage from the ViX500AE and provides a 
torque to allow movement on the MX80S. 
MX80S Parker 
Consists of a track, plate secured to the track and a ball screw. When 
the servo motor is on, the ball screw turns, and the plate moves along 
the track. 
SOLA 24V 
PSU 
SOLA/H
EVI-
Duty 
Supplies power to the 6K8 
PARKER 
80 and 24V 
PSU 
Parker Supplies power to the ViX500AE 
 
3.2.2 Connecting the Hardware 
Connected as shown in  
Figure 37, each device needs the correct cable in order to connect to other components; 
however, connecting the power supplies to the correct device requires a series of user supplied 
wires.  The User‟s Manual contains a detailed explanation on how to connect each component.  
The system is connected to the computer via the 6K8.  Initially a RS 232 cable was being used 
for communication with the computer, but it was replaced by an Ethernet cable which has a 
higher bandwidth and allows for faster data transfer. 
3.2.3 Software 
There were a total of three different software programs that were used.   The first is called 
EASI-V. It is designed to configure the ViX500AE.  Using this software, the ViX500AE was set 
to torque mode to work with the BE161FJ.  Before the ViX500AE could be programmed, an RS 
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232-08 cable needed to be ordered.  It has a different pin setup than a standard 9-pin RS 232 
cable.  Once the cable arrived, the ViX500AE was programmed and the system was ready to 
continue.  
Next, the system is ready to receive an input command for operation.  To do this, a 
program called Motion Planner was used.  The 6K8 is designed to understand G code which is a 
computer language typically used with machining equipment.  Motion Planner is essentially a 
visual version of G code.  It is simple to learn, even for someone with little or no programming 
experience.  With this program, various motion profiles were created.  The most popular types of 
motion used are incremental motion, absolute motion, and loops.  Incremental motion allows the 
MX80S to move a fixed distance from its current location.  Absolute motion allows the device to 
move to specific positions on the track.  Finally the loops allow for a motion profile to be 
repeated as many times as the user wants.  
While Motion Planner can relay feedback on position and velocity using the MX80S‟s 
built-in encoder, it cannot log the data with respect to time, which created an issue.  The system 
is meant to work in conjunction with an amplifier to record the current from the jet stream and 
match it with the position of the MX80S.  Motion Planner cannot do this.  In order to address this 
issue, LabView was used with Motion Planner because it can record data of the Motion Control 
System (as a time history) and the amplifier circuit will also be using LabView. 
The LabView Virtual Instrument (VI) that was created to work with the Motion Control 
System is fairly easy to use.  First, a program needs to be written in Motion Planner.  LabView 
will establish a connection with the 6K8 and send the Motion Planner file to the 6K8.  A 
movement command is then run and it is designed to show a live feed of the position and 
velocity as well as log the data at user defined time intervals.  
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3.2.4 Motion Limitations 
The system has various parameters and constraints that dictate its allowable motion and 
the accuracy of the feedback.  Table 5 contains a brief summary of these limitations.  The 
measured maximum speed was experimentally found to be quite different than the MS80S‟s 
user‟s manual suggests.  This is because the ViX500AE is being powered by a 250W power 
supply instead of the intended 500W.  Because of this, the system can only run under light 
loading.  
Table 5: Motion Limitations 
Parameter Producer‟s User Manual Experimentally Measured 
Max distance (mm) 50 50 
Min distance (mm) Not Reported 0.04 
Max Speed (mm/s) 100 3.2 
Min Speed (mm/s) Not Reported 0.04 
Positioning Resolution (mm) 0.04 Not measured 
Encoder Resolution (mm) 0.015 Not measured 
 
3.2.5 Cre ti g the User’s M  u l 
All of the information in the User‟s Manual is based on information from: the manuals 
for each individual device, interactions with the Parker Hannifin Corporation‟s customer service, 
and Matt Shea.  Matt Shea, a WPI alumnus, donated all of the equipment to WPI and aided in the 
early stages of the setup providing support in connecting the devices.  Parker‟s customer service 
helped in the advanced connection setup and aided in setting up and configuring the devices in 
Motion Planner.  Finally, each user manual filled in the missing gaps.  The User‟s Manual is 
intended to aid in the future use of the Motion Control System for other WPI projects [41]. 
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3.3 Diagnostics 
The main objective was to fully characterize the liquid jet produced by flow focusing 
(FF), electrospray (ES), and electro-flow focusing (EFF).  To do this, optical and electrical 
diagnostics were developed.  In addition to determining if the spray is “on,” the optical 
diagnostics can provide an approximate, direct, measurement of the jet diameter.  The electrical 
diagnostics can measure the current carried by the jet and droplets if a voltage is applied to the 
capillary.  Each droplet was assumed to be equally charged and have the same mass and 
dimensions.  Hence for a higher concentration of water droplets the higher the charge reading 
would be. 
3.3.1 Optical Diagnostics 
A means of physically characterizing the liquid jet formed from FF, ES, and EFF, optical 
devices were used to photograph and measure the diameter of the jet at various points.  For the 
experiments, the CM1-USB Cailfone and the TM-1325 Pulnix microscopes were utilized. 
There are a few terms that need to be defined before calculations and measurements can 
be described.  Some of the imaging system specifications that need be identified are depth of 
field (DOF), field of view and (FOV), working distance (WD), optical magnification, digital 
magnification, pixel dimensions and resolution.  Depth of field is the distance between the most 
distant and closest point corresponding to an object being in focus.  For a distance between lens 
and object, there is a range of distance over which the object will remain in focus.  The field of 
view is specified by the dimensions, expressed in terms of angle or height and width, over which 
the microscope can form an image of the object.  The working distance is the distance that the 
lens (not the microscope) can capture without loss of picture quality. The differences in these 
parameters are shown in Figure 38. 
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Figure 38: DOF, FOV, and WD 
 Magnification is the process of enlarging an object visually so that small objects can be 
seen in more detail.  Optical magnification is the lens‟s ability to enlarge the object.  Digital 
magnification is the software‟s ability to enlarge the object.  Digital magnification picture quality 
decreases with increased magnification, but optical magnification does not have this problem.  
This is because digital magnification enlarges a digital image and therefore has a limited amount 
of detail that it can magnify. 
Modern digital cameras and microscopes have a charge-coupled device (CCD) or 
complementary metal oxide semiconductor (CMOS) chip as their image sensors.  The chips are 
made of many pixels which are excited and charged by photons hitting them [42].  The pixels 
can have other functions such as powering other pixels.  The total pixel count is all of the pixels 
on a chip.  The effective pixel count is the number of pixels used for picture capturing.  Both 
pixel counts are usually expressed as a single number, separately.  These numbers are usually 
expressed in megapixels.  These pixels, or their output, can be seen in any picture by digitally 
magnifying it until only small blocks of color are visible.  The pixel count along the horizontal 
and vertical axes correspond to the resolution of the chip.  The first number given is the 
horizontal count and the second is the vertical count (i.e. 1600x900). 
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CM1-USB Califone 
The CM1-USB Califone microscope was used in the previous year‟s experiments and is 
shown in Figure 39.  It was sufficient for their purposes of visually capturing flow focusing (FF), 
but it was not useful for physically measuring the jet diameter by pixel size measurements.  This 
is because the specifications are not fully defined and/or not clearly stated in the manufacturer‟s 
literature.  Therefore it was impossible to confirm any measurement readings by pixel count.  
Appendix F has the microscope‟s specification sheet.  What was confirmed was that the 
microscope has a CMOS chip.  The size of the chip was estimated to be 0.25 in. giving the 
dimensions of: 2.4 mm height by 3.2 mm width.  The “manual magnification” of 10x to 200x is 
not optical magnification and digital magnification differs with different computer screen size.  
The “manual magnification” literally means that it can be physically controlled by rotating the 
adjuster.  It is speculated that the optical magnification is closer to 0.5x to 1.7x. 
 
Figure 39: CM1-USB Califone ([43] © Califone International) 
The Cailfone microscope can be used to roughly measure the jet diameter by having a 
known dimension object within the same picture, such as the orifice hole or the capillary outer 
diameter.  Then proportional calculations can be used to estimate the jet diameter. 
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TM-1325 Pulnix 
The other microscope available for this project was the much more powerful 
monochrome, progressive scan TM-1325 Pulnix microscope.  The microscope has a 2/3 in. CCD 
chip (6.6 mm height and 8.8 mm width), 1392x1040 effective resolution, DOF of 0.82 mm at 
lowest optical magnification and 0.12 mm at highest magnification.  The Pulnix microscope has 
a C-mount to attach lenses.  The Meiji Techno's Short UNIMAC MS-50 Lens and the Edmund 
Industrial Optics Zoom Inspection Microscope Lens can be attached to the microscope 
individually or in combination for higher optical magnification.  The order of the lenses in 
combination does not matter because the optical magnifications are multiplied together.  The 
MS-50 lens has 0.7x to 4.5x optical magnification with a working distance of 94 mm.  The 
Edmund lens has an optical magnification of 2.5x to 10x with a working distance of 36 mm.  
When the lenses are in combination, their optical magnifications are multiplied giving total 
optical magnification of 1.75x to 45x with the working distance of 36 mm. 
To be able to measure an object by pixel count, the pixel size is needed.  To obtain the 
pixel size the FOV needs to be calculated first.  The FOV depends on the optical magnification 
and the dimensions of the CCD chip [44]: 
           
             
                    
 24 
 
         
            
                    
 25 
 
Table 6 shows the FOV of the Pulnix microscope at the lowest and highest optical 
magnifications with the MS-50 lens, the Edmund lens, and the combination of the two lenses. 
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Table 6: FOV Sizes 
MS-50  Lens Lowest Magnification (mm) Highest Magnification (mm) 
FOVHeight 9.429 1.467 
FOVWidth 12.571 1.956 
FOVDiagonal 15.714 2.444 
Edmund Lens 
  FOVHeight 2.640 0.660 
FOVWidth 3.520 0.880 
FOVDiagonal 4.400 1.100 
Both Lenses 
  FOVHeight 3.771 0.147 
FOVWidth 5.029 0.196 
FOVDiagonal 6.286 0.244 
 
The pixel size depends on the FOV and the corresponding effective pixel count, the 
resolution of the CCD chip [44]. 
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Table 7 shows the pixel dimensions for all three lens combinations. 
Table 7: Pixel Size 
MS-50 Lens Low Magnification (mm) x10
-3 
Highest Magnification (mm) x10
-3 
Height 9.066 1.410 
Width 9.031 1.405 
Diagonal 12.797 1.991 
Edmund Lens 
  Height 2.538 0.635 
Width 2.529 0.632 
Diagonal 3.583 0.896 
Both Lenses 
  Height 3.626 0.141 
Width 3.612 0.140 
Diagonal 5.119 0.199 
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To find the size of an object, one can digitally measure the pixels (Microsoft Paint can 
count pixels) and multiply it with its respective pixel size.  The pixel size calculation needs to be 
repeated if the optical magnification is between the lowest and highest magnification. 
Tracer Dye 
The previous year‟s group had trouble clearly visualizing the liquid jet because of the 
glare from the built in LEDs on the Califone microscope.  To help visualize the jet better with 
the microscope, a water-based fluorescent tracer was bought from risk reactor (Dallas, Oregon, 
www.riskreactor.com).  The tracer dye is biodegradable, non-toxic, EPA approved, and NSF 
certified to ANSI/NSF Standard 60 for drinking water.  A yellow-green colored dye was chosen 
for high visibility.  The dye can be seen in a concentration as low as 100 parts per billion (ppb) 
which should be small enough so that the dye would not noticeably affect the properties of the 
solution.  Table 8 has the specifications of the tracer dye. 
Table 8: Tracer Dye Specifications [45] 
General Properties of Yellow-Green UV Fluorescent Tracer Dye 
Detect ability of active ingredient Visual <100 ppb 
Maximum absorbance wavelength 490/520 nm 
Appearance` Reddish-brown aqueous solution 
NSF, max use levels in potable water 10.0 ppb 
Dissolution Time  Immediately 
Viscosity  1.8 cps 
pH 8.5± 0.5 @ 25°C 
Coverage of Products (1 pint.) Light Visual (100 ppb) 125,000 gallons 
Strong Visual (1 ppm) 12,500 gallons 
 
The original idea was to use a black light with the tracer dye to illuminate the jet 
produced from the JSE.  An experiment was carried out to determine if it was easier to see the 
jet.  Pink highlighter fluid, which has similar properties as the tracer dye, was put into a 
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household spray bottle and was sprayed in front of the microscope.  Videos were taken and 
showed great promise.  Figure 40 and Figure 41 shows screen shots of the videos taken. 
 
Figure 40: Pink Highlighter Fluid with Black Light 
 
Figure 41: Pink Highlighter Fluid without Black Light 
The LEDs of the Califone needed to be turned off or blocked because they interfered with 
the quality of the videos taken.  There was no way to turn off the microscope, so small pieces of 
black tape were put over the LEDs effectively blocking all light.  The black light and tracer dye 
in the saline solution was used by the group for a FF preliminary test.  The black light was not 
bright enough so the visual image from the Califone was too dark to see a liquid jet.  Another 
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preliminary test without the black light, but with plenty of ambient light showed a definite liquid 
jet.  The screen capture is shown in Figure 42. 
 
Figure 42: Liquid Jet from FF 
3.3.2 Electrical Diagnostics 
To determine properties of the jet, a set of diagnostics were devised that allowed for 
observations other than just what is seen using a microscopic camera.  One of these diagnostics, 
the electrical one, is used to determine the jet diameter, and consequently, the position of the jet 
breakdown.  Using the assumptions that each droplet has a constant charge and that the jet 
diameter is axi-symmetric and uniformly dense, a plot of electrical current with respect to 
position can be used to give diameter.  This is accomplished by use of a probe and an 
amplification circuit.  The probe passes a wire through the jet in the x direction.  As the wire is 
passed through, charged droplets adhere to it, and impart their charge to the wire, this current 
leading into the amplification circuit.  The amplification circuit takes the current as input, and 
outputs a proportional voltage, at an easily observable level.  This can be used to determine the 
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jet diameter because there are fairly distinct regions of charge and no charges as the probe passes 
through. 
To better visualize the process; imagine a small circle of sunlight on a surface.  There is a 
solar cell slightly wider than the circle, but nearly as thin as a wire.  If this cell is moved such 
that it lays tangent to the circle, and then gradually into the circle, there will be a small power 
generated.  As the cell continues its motion through the sunlight, it will output more power, until 
it reaches a maximum along the diameter of the circle.  It then decreases power output as the 
motion continues, until it exits the circle, and there is no more power.  If the position of the cell 
were tracked as it moved through the circle, and then a plot of the power with respect to position 
made, then it would resemble a Gaussian curve, with the edges of power production marking the 
edge of the circle.  The distance between then gives the diameter. 
 The probe is constructed out of Delrin plastic, with a 2.1-inch square cut into the forward 
part so that the jet can pass through.  Secured to the Delrin on either side of the hole are small 
alligator clamps, which hold a Tungsten wire across the leading edge of the probe, as can be seen 
in Figure 43.  This wire is electrically connected to the amplifier circuit, which outputs to a VI.  
The main body of the probe is then attached to the motor stage so that it can translate through the 
jet. 
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Figure 43: Top view of wire probe 
 The electrical amplification circuit was modeled after Dr. Manuel Gamero‟s design, as 
described in a WPI Independent Study Report [46] by Nathan Rosenblad‟s titled 
“Instrumentation Design for Analysis of Spacecraft Thruster Plumes” (Figure 44).  
 
Figure 44: Amplifier Circuit ([46], © WPI) 
This design utilizes two operational amplifiers, LM411ACN and INA126P, the same as 
was used in the construction of this project‟s two-stage amplifier circuit. Four resistors are used 
in this amplifier circuit, R1, R2, R3, and RG. R1 is the grounding resistor and has no effect on the 
gain of this amplifier. R2 and R3 determine the gain of the first stage, and the second stage is 
determined by the resistor value RG. The values used can be seen in Table 9.  
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Table 9: Resistor Values 
Resistor Values 
R1 15 KΩ 
R2 100 KΩ 
R3 10 KΩ 
RG 10 KΩ 
 
Using these resistor values as well as the following equations taken from Nathan 
Rosenblad‟s report, the gain of the amplifier circuit can be calculated.  
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The bread boarded circuit uses a Traco voltage divider to deliver the +/-12 V required, 
using a 12 V, 500 mA DC wall adapter, as seen in Figure 45. 
 
Figure 45: Bread Boarded Amplifier Circuit 
As part of a future project, the entire amplifier circuit is designed to be placed into an 
electrical box enclosure. Standoffs were incorporated into the design to keep the protoboard 
suspended away from the box.  Power will be supplied through a barrel plug from the wall 
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adapter. Circuit input and output connections will be BNC connectors, and the wire from the 
probe will be electrically shielded (inner wire of a coaxial cable delivers signal, while outer wire 
is grounded.).  Figure 46 shows the probe wire mount on the translational stage. 
 
Figure 46: Alligator clamp holding wire; inner coaxial wire soldered to clamp 
This diagnostic will allow the characterization of jet breakup point and dispersion after 
breakup. By reading the amplifier circuit output into a VI, the current can be plotted as a function 
of probe position.  
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Chapter 4: Testing and Characterization of Jet 
4.1 Mass Flow Rate 
The project goal was to produce and characterize a liquid microjet, which can be formed 
by flow focusing, electrospray, or electro-flow focusing techniques. One of the major parameters 
in creating a jet is the flow rate which is controlled by the flow delivery system.  As described in 
Section 3.1.5, the Omega PX2300 liquid pressure transducer measures a pressure difference and 
outputs a voltage reading corresponding to the pressure difference.  This voltage reading is 
directly proportional to the mass flow rate.  To find this exact relationship, flow calibration tests 
needed to be conducted.  
To obtain the relationship, a pressure from a helium tank was set, to force the saline 
through the FDS.  The capillary was suspended over a P-403 Denver Instruments scale (an 
alligator clip arm was used) and liquid allowed to flow into a beaker.  While this is happening, a 
program, called Pinnacle, recorded the total mass with respect to time.  Because the required 
flow rates are very small, the saline would drip from the end of the capillary instead of 
continuously flowing.  The program was configured to record time intervals at least double the 
drip intervals (determined by observation).  This was to make sure a graph that looked like a 
stepper function was not obtained.  Also, for best results at least 100 data points were collected 
for the test.  A FLUKE multimeter was used to see the voltage value that corresponds to the set 
pressure.  After the test, the data was input into an Excel sheet and cumulative collected mass vs. 
time was plotted.  The best fit linear line equation gave the slope value, which was the average 
mass flow rate of the test.  Several tests were conducted at different pressures to obtain different 
average flow rates.  These average flow rates were then graphed vs. the (average) transducer 
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voltage reading for each test.  Then a best fit linear line equation gave the relation between 
voltage and mass flow rate.  
The scale used is manufactured by Denver Instruments, P-403 series, and is able to read 
mass up to 400 g.  It can resolve down to a microgram.  This scale is very precise and sensitive 
to disturbances such as wind.  A barrier was used to stop the draft from affecting the recordings.  
To test the precision of the scale, 10 g and 100 g masses (NIST traceable) were weighed.  As 
shown in Table 10, the percent error is acceptable.  
Table 10: Scale Calibration 
Calibration Mass (mg) Scale Reading (mg) Percent Error (%) 
10,000 10,000 0 
100,000 100,017 0.017 
 
The FDS has a section of tubing made of polyether ether ketone (PEEK) with an inner 
diameter of 63.5 microns, which provides hydraulic resistance.  At a set induced pressure, the 
longer this piece of tubing, the slower the flow rate obtained.  The PEEK tubing essentially 
scales the flow rate to what is needed.  This scaling changes the flow rate for a given pressure 
difference, as recorded by the pressure transducer.  Therefore, new calibration tests are needed 
for each different length PEEK tubing.  FF, ES, and EFF all have different required flow rates to 
obtain a steady jet.   
For the experiments two different PEEK tubing lengths were used: 89.41 mm (3.52 inch) 
and 158.75 mm (7.15 inch).  Results of several mass flow rate tests are shown in Table 11 and a 
second set is shown in  
Table 12.  For the first set of calibration tests, test 1 and 2 gave too high a flow rate, so a 
longer piece of PEEK tubing was used.  The second group of data in Table 11 lists an average 
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voltage reading instead of a set voltage reading.  This is because a VI was created later in 
LabView to record voltage during the test during the same time intervals as the mass recordings.  
The time readings from the VI are not directly linked with the time readings from the Denver 
scale.  Plots of the data collected from the tests can be found in Appendix C.   
Table 11: Mass Flow Rate Calibration Tests 1 
Test # Avg Mass Flow Rate (mg/s) Voltage (V) Peek Tubing Length (mm) Comments 
1 5.3686 1.8 0  
2 1.0557 3.4-2.4 73.66  
3 0.2673 2.57 158.75  
4 0.1101 3.86 158.75 Gas Bubbles 
5 0.2953 2.6 158.75  
6 0.1213 1.8 158.75  
7 0.1206 1.8 158.75  
8 0.742 5.1 158.75  
9 0.591 4.3 158.75  
10 0.441 3.5 158.75  
 
Table 12: Mass flow Rate Calibration Tests 2 
Test # Avg. Mass Flow Rate (mg/s) Avg. Voltage (V) PEEK Tubing Length (mm) 
C11 0.493 1.793 89.41 
C12 1.176 2.616 89.41 
C13 1.831 3.427 89.41 
C14 2.428 4.18 89.41 
C15 3.04 4.985 89.41 
 
Figure 47 shows results from the first set of calibration tests, flow rate vs. voltage (the 
corresponding tests), the best fit linear line equation, and the R
2
 value.  Equation 28 can provide 
a means of determining mass flow rate (in units of mg/s) for which a given pressure differential 
across the PEEK flow resistance (in units of V).  This equation only applies to the 158.75 mm 
PEEK tubing. 
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Figure 47: Mass Flow Rate vs. Voltage; 158.75 mm Resistor 
Figure 48 shows results from the second set of calibration tests, flow rate vs. voltage.  
Equation 29 can be used to find the corresponding flow rate for only the 89.41 mm PEEK tubing.  
Comparing Figure 47 and Figure 48, the lowest stable obtainable flow rate is about 0.1 mg/sec 
with the 158.75 mm resistance tubing and a lowest of about 0.5 mg/s for the 89.41 mm resistance 
tubing.  Pressures that produce average voltage reading lower than 1.5 volts are too low for 
stable flow. 
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Figure 48: Mass Flow Rate vs. Voltage; 89.41 mm Resistor 
The voltage reading that indicates no flow rate can be obtained from equations 28 and 29 
for the two different lengths of PEEK tubing.  From equation 28, a voltage reading of 1.124 V 
will mean that there is no flow rate.  From equation 29, a voltage reading of 1.154 V will mean 
that there is no flow rate.  
4.2 Flow Focusing Experiments 
 As described in Chapter 2, flow focusing is the process of creating an axisymmetric 
stream of fine particles using the shear forces of a gas or liquid at higher pressure.  The 08‟-09‟s 
MQP project group designed, built and tested an enclosure to produce a flow focusing microjet.  
They were successful at obtaining stable flow focusing [2].   
In the preliminary tests, flow focusing was successfully obtained but was not highly 
stable.  The differences between 08‟-09‟ year‟s parameters and 09‟-10‟ year‟s are shown in 
Table 13 and Table 14, label as MQP.  R0 is the capillary inner diameter, D is the orifice hole 
diameter, H is the height of the capillary from the orifice, L is the thickness of the disc, Pg is the 
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gage pressure in the enclosure, ΔP is pressure difference of the JSE, Dj is the diameter of the jet 
right before it enters the orifice hole.  It is speculated that the hole size from 08‟-09‟ year‟s was 
larger than what was reported (and shown in Table 13).    
Also shown in the tables are Gan  n-Calvo‟s results, labeled as GC [1, 31].  The goal was 
to obtain, or get close to, the same parameters as in Gan  n-Calvo‟s published work.  The non-
dimensional parameters H/D, L/D and 2R0/D were the parameters the team attempted to match 
with conditions of tests reported in the literature.  Because the values of 2R0/D and L/D where 
not met, the H/D parameter would naturally have different values for stable flow focusing.    
Table 13: Flow Focusing Data 1 
Test disc R0 (mm) D (mm) H (mm) L (mm) H/D L/D 2R0/D Pg (kPa) 
Dec 2: 1 LD 1, 2 0.2159 0.2286 0.845 0.5 3.696 2.187 1.889 108.248 
Dec 7: 1 LD 1, 2 0.2159 0.338 1.07 0.63 3.164 1.864 1.278 105.488 
Jan 19:1 LD 1, 2 0.216 0.391 0.317 0.63 0.81 1.611 1.104 122.037 
Jan 19:2 LD 1, 2 0.216 0.391 0.31 0.63 0.792 1.611 1.104 122.727 
Jan 19:3 LD 1, 2 0.216 0.391 0.364 0.63 0.932 1.611 1.104 131.69 
Jan 19:4 LD 1, 2 0.216 0.391 0.365 0.63 0.932 1.611 1.104 117.9 
Jan 19:5 LD 1, 2 0.216 0.391 0.37 0.63 0.947 1.611 1.104 108.937 
Jan 19:6 LD 1, 2 0.216 0.391 0.371 0.63 0.948 1.611 1.104 104.8 
Jan 19:7 LD 1, 2 0.216 0.391 0.368 0.63 0.941 1.611 1.104 127.553 
Jan 19:8 LD 1, 2 0.216 0.391 0.367 0.63 0.938 1.611 1.104 128.932 
Jan 19:9 LD 1, 2 0.216 0.391 0.38 0.63 0.971 1.611 1.104 129.621 
Jan 19:10 LD 1, 2 0.216 0.391 0.362 0.63 0.925 1.611 1.104 106.179 
Jan 19:11 LD 1, 2 0.216 0.391 0.367 0.63 0.938 1.611 1.104 105.49 
Jan 24:3 LD 1, 2 0.216 0.391 0.811 0.63 2.074 1.611 1.104 124.106 
Jan 24:4 LD 1, 2 0.216 0.391 0.775 0.63 1.983 1.611 1.104 132.379 
Jan 24:5 LD 1, 2 0.216 0.391 0.786 0.63 2.01 1.611 1.104 113.074 
Jan 24:6 LD 1, 2 0.216 0.391 0.445 0.63 1.138 1.611 1.104 113.763 
Jan 24:7 LD 1, 2 0.216 0.391 0.455 0.63 1.165 1.611 1.104 106.869 
GC 1
 
n/a 0.4 0.15 1 0.3 6.667 2 5.333 n/a 
GC 2
 
n/a 0.2 0.15 1 0.35 6.667 2.333 2.667 n/a 
GC 3
 
n/a n/a 0.15 n/a 0.1 n/a 0.667 n/a n/a 
MQP 1
 
n/a 0.25 0.397 2 0.48 5.038 1.209 1.259 n/a 
MQP 2
 
n/a 0.25 0.397 1.5 0.48 3.778 1.209 1.259 n/a 
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Table 14: Flow Focusing Data 2 
Test ΔP (kPa) Voltage (V) Q (µL/s) Solution Dj (mm) Successful Time (sec) 
PEEK 
(mm) 
Dec 2: 1 6.895 5.05 0.733 Saline n/a no n/a 158.75 
Dec 7: 1 4.135 3.8 0.5 Saline 0.106 no n/a 158.75 
Jan 19:1 20.684 2.3 0.91 Saline 0.039 Yes n/a 89.41 
Jan 19:2 21.374 2.3 0.91 Saline 0.034 Yes n/a 89.41 
Jan 19:3 30.337 2.2 0.68 Saline n/a No n/a 89.41 
Jan 19:4 16.547 2.3 0.91 Saline 0.03 Yes n/a 89.41 
Jan 19:5 7.584 2.36 0.96 Saline 0.042 Yes n/a 89.41 
Jan 19:6 3.447 2.42 1.01 Saline n/a No n/a 89.41 
Jan 19:7 26.2 2.21 0.84 Saline 0.051 yes n/a 89.41 
Jan 19:8 27.579 2.19 0.83 Saline 0.045 yes n/a 89.41 
Jan 19:9 28.268 2.17 0.81 Saline 0.069 yes n/a 89.41 
Jan 19:10 4.826 2.31 0.92 Saline n/a yes n/a 89.41 
Jan 19:11 4.137 2.4 0.99 Saline n/a no n/a 89.41 
Jan 24:3 22.753 1.15-1.71 0-0.44 Saline 0.075 yes 15 89.41 
Jan 24:4 31.026 1.12-1.57 0-0.33 Saline 0.049 yes 10 89.41 
Jan 24:5 11.721 1.13-1.47 0-0.25 Saline 0.091 yes 13 89.41 
Jan 24:6 12.41 1.13-2.29 0-0.91 Saline 0.091 yes 90 89.41 
Jan 24:7 5.516 1.28-2.15 0.1-0.8 Saline 0.105 yes 44 89.41 
 GC 1 20 n/a 2 water n/a yes n/a n/a 
GC 2 5 n/a 0.5 ethanol n/a yes n/a n/a 
GC 3 4.67 n/a 4.9 water 0.046 yes n/a n/a 
MQP 1 68.9 n/a 6.06 Saline n/a yes n/a n/a 
MQP 2 20.68 n/a 1353.6 Saline n/a yes n/a n/a 
 
The first two tests (in December) were preliminary FF tests.  Figure 49 shows an image 
of the capillary during the December 7 test 1.  There is a droplet at the end of the capillary and 
some of the fluid escaping through the orifice.  There is no well-developed jet cone; therefore 
this is not stable.  In November testing (no data was recorded), there was a video taken with the 
Califone microscope showing the jet from other side of orifice.  There is no picture of the 
capillary that accompanies this video but it is speculated by the strong jet formed that it was 
stable FF.  This jet lasted for about one minute before failure.  Reasons for failure could be due 
to instabilities created by the complexity of the FDS, described in Chapter 3.   
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Figure 49: FF December 7: 1 Failure 
After reviewing the literature and specifications of Gan  n-Calvo‟s and others, it was 
deduced that the mass flow rate was too low for stable flow focusing.  To scale the accessible 
flow rate up, a 89.41 mm PEEK tubing replaced the 158.75 mm PEEK tubing that was used for 
previous experiments.  This allowed for stable FF.  Several tests then were conducted to see the 
limits of stable FF with different JSE pressures.  Jan 19 Test 3 was unsuccessful in producing 
stable FF using a pressure of 30.337 kPa in the JSE, but the Jan 19 Test 8 was successful at 
27.579 kPa.  Jan 19 Test 11 was unsuccessful at 4.137 kPa, but the Jan 19 Test 10 was successful 
at 4.826 kPa. 
Driven by the quandary of why the stable FF failed on Jan 24, experiments were 
conducted while recording the FDS transducer voltage with respect to time, shown in Table 13 
and Table 14.  First, an experiment was conducted to see what was happening when the FDS was 
initially pressurized; Figure 50 shows the results.   The VI used in the calibration tests was turned 
on and began recording before the FDS was pressurized.  The figure shows the initial 
pressurization at the very beginning (about 10 seconds).  For this experiment, the FDS was 
pressurized to 187.9 kPa (20 psi on the gage).  After some time, the pressure indicated on the 
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gage would drop.  The pressure was then adjusted back to 20 psi.  This is shown by the little 
spikes in Figure 50 at around 1,200, 2,300, 3,400, and 3,800 seconds.  When the FDS equalizes 
(with the supply pressure set to 20 psi), the voltage reads about 1.15 volts.  The voltage reads 
about 1.15 Volts for any set supply pressure when there is no flow rate and equilibrium is 
maintained. 
 
Figure 50: Jan 24 Startup Test 
Once the system is in equilibrium (for the 89.41 mm PEEK tubing) the valve is opened 
on the FDS.  The JSE should already have been pressurized to a certain value and the VI 
recording.  Immediately after opening the valve, the jet forms a stable jet cone and jet spray, 
shown in Figure 51.  However, after a certain time the flow breaks down and unstable FF occurs.  
This duration of the “stable time” differs with JSE pressure, FDS flow rate, and height of the 
capillary.  
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Figure 51: Jan 24 Test 3 
Figure 52 shows the voltage history for the Jan 24 Test 3.  At the beginning (0 to 87 
seconds) the valve is close and the flow rate is zero.  At 87 seconds, the valve is opened and 
stable FF forms.  Fifteen seconds later, FF becomes unstable.  The instability is seen to occur 
before the FDS equalizes again at about 2.3 Volts.  At about 380 seconds, the valve on the FDS 
is closed again, cutting off flow.  The FDS then slowly goes to equilibrium at about 1.15 Volts.  
 
 
Figure 52: Jan 24 Test 3 Data 
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 Several more tests were conducted for consistency and to determine how different 
parameters affect the stability of FF.  Jan 24 Test 4, shown in Figure 53 and Figure 54, had 
similar results as Jan 24 Test 3.  This test had JSE pressure of 31.026 kPa, about 8 kPa higher 
than Test 3.  This reduced the duration of stable FF to 10 seconds.  
 
Figure 53: Jan 24 Test 4 
 
Figure 54: Jan 24 Test 4 Data 
Jan 24 Test 5 had a JSE pressure of 11.721 kPa with the rest of the parameters the same 
as Tests 3 and 4.  This gave a stable FF duration of 13 seconds, shown in Figure 55a.  Also a 
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picture was taken during unstable FF, shown in Figure 55b.  One sees the droplet shape with 
some of the fluid from the surface escaping through the orifice hole.   Figure 56 shows the flow 
transducer voltage data for the test.  At about 270 seconds, there was a significant change in 
slope.  This was caused by removing the JSE Plexiglas cover, which made the pressure in the 
JSE atmospheric. 
 
Figure 55: Jan 24 Test 5 a) Stable b) Unstable 
 
Figure 56: Jan 24 Test 5 Data 
0
0.5
1
1.5
2
2.5
3
0 200 400 600 800 1000 1200 1400
V
o
lt
ag
e
 (
V
) 
Time (sec) 
75 
 
 
Jan 24 Test 6 (Figure 57 and Figure 58) and Jan 24 Test 7 (Figure 59 and Figure 60) had 
a shorter capillary height than Jan 24 Tests 3-5.  Test 6 had a JSE pressure of 12.41 kPa, which 
resulted in a stable FF duration of 90 seconds.   Test 7 had a JSE pressure of 5.516 kPa, which 
resulted in a stable FF duration of 44 seconds.  
 
Figure 57: Jan 24 Test 6 a) Stable b) Unstable 
 
Figure 58: Jan 24 Test 6 Data 
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Figure 59: Jan 24 Test 7 a) Stable b) Unstable 
 
Figure 60: Jan 24 Test 7 Data 
There are a few other observations worth mentioning.  When there is too low a pressure 
in the JSE, the saline touches the inner walls of the orifice hole and causes a buildup of fluid.  
Too high a pressure in the JSE forces the saline to flow back up into the feed tube.  If not stopped 
in time by closing the FDS valve, air can enter the FDS and will need to be evacuated before 
accurate voltage readings from the pressure transducer can be obtained.  FF needs quiet a large 
flow rate compared to the ES or EFF required flow rates.  Too low a flow rate will produce an 
unstable jet similar to Figure 49.  Too large of a flow rate was not observed or else the effects 
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were not noticeable.  As shown above, the height of the capillary does not necessary need to be 
exact for stable FF, but it affects the duration.  From Table 13 and Table 14, the best duration test 
had H/D ratio of about 1.1.  Higher ratios (greater heights) had far shorter durations.  Evidence 
from Jan 24 tests showed that the pressure difference affected the duration of the stable jet as 
well.  From the few data points, for an optimal set of conditions, the plot of time vs. transducer 
voltage has a nearly Gaussian shape. The duration is dependent on the set parameters.  The 
optimal time increases or decreases and moves on the transducer voltage axis when the physical 
parameters are changed.  
4.3 Electrospray Experiments 
The second aspect of the project‟s testing, electrospray (ES), was setup using the same 
apparatus as the flow focusing (FF) tests, except that the polyether ether ketone (PEEK) 
resistance tubing from the FF testing was switched out in favor of a longer resistance length of 
181.61 mm (7.15 in).  The higher resistance enabled a lower mass flow rate for the electrospray, 
which needed lower flow rates than those used to produce FF.  The other alteration to the 
apparatus was to attach a power supply to the system; positive terminal to the capillary and 
(grounded) negative terminal to the flow delivery system (FDS) and jet source enclosure (JSE).  
The electrified capillary transfers the charge to the fluid, which carries the charge/current 
through the jet and droplets towards the grounded orifice.  The electro-kinetic motion of the fluid 
is what produces electrospray when a number of factors are balanced in the correct manner, 
primarily the flow rate, electrical potential and capillary height (which establish the electric field 
on the fluid surface).  
For the first test, a KEPCO Model APH 2000M power supply was used, capable of 
delivering a maximum voltage and current of 2 kV and 10 mA respectively.  This was set to 
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operate in current limiting mode because there was a chance of arcing and short circuits through 
the duration of the experiment.  When all of the electrical connections were in place, and the 
pressure of the FDS was at 5 psi, corresponding to a reading of 1.3 volts on the pressure 
transducer, the valve was opened to allow fluid flow to the capillary.  After a droplet formed at 
the tip, the voltage was slowly increased, and the fluid began to be drawn off the capillary tip 
more rapidly.  However, this did not result in ES; rather, the current arced each time the fluid 
was pulled from the tip to the orifice. 
After some discussion it was theorized that, given the flow rate and capillary height, a 
higher voltage was needed to produce the electrospray.  This hypothesis was tested in the second 
attempt, when a more powerful supply was used.  The resistance and flow rate were kept the 
same, but a supply was used with a max potential of 30 kV.  As expected, when the voltage was 
increased in the second test, the droplets were observed to elongate as they were drawn out of the 
capillary tip. 
The second test did not produce successful results, but did demonstrate that a higher 
voltage was closer to the operational range.  During the second test, the power supply was 
limited to 2.5kV by a diode used in the control system, but the effects observed at this potential 
led to the assumption that, at a higher voltage, an electrospray might be obtained.  For this 
reason, it was decided to remove the limiting diode from the 30 kV supply, and test again at a 
still greater potential. 
Test three was conducted in the same manner as the previous two, but this time the 
supply voltage was not limited to 2.5kV.  Additionally, the capillary was moved closer to the 
orifice to see if this would produce better results.  A maximum of 3 kV was applied; however 
this did not produce any stable results.  The droplets still caused arcing when they disconnected 
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from the capillary, and the results proved that the correct combination of parameters (flow rate, 
potential, and capillary height) were still not being selected.  
Some noteworthy effects observed in all the tests were the formation of gas bubbles and 
areas of clear liquid (no dye present) in the FDS after the voltage was applied.  A distinction can 
be made between the gas bubbles and the areas of clear liquid because the meniscus of the liquid 
can always be seen as concave with respect to itself; the meniscus with respect to the gas bubbles 
is seen as convex.  The gas should not have been there because the FDS was purged of air 
bubbles prior to beginning the test, and the clear liquid is anomalous too because a tracer dye had 
been used, which has a distinct florescent yellow color.  Additionally, sometimes when these 
bubbles were forming there was a small region of light emission inside the clear tubing of the 
FDS could be seen.  This also corresponded to an electrical fault, or short circuit, being detected 
by the power supply.  Both of these observations lead to the notion that there was some kind of 
arc in the FDS that was also responsible for the gas formation and possibly even breakdown of 
the tracer dye.  Because the FDS was connected to ground and the capillary to a large potential, 
this arcing could have been the result of the saline conducting current to the metal tubing used in 
the FDS.  An issue such as this could be avoided by reducing the complexity of the FDS, or by 
insulating it and allowing charge to accumulate until the test was over, at which point it could be 
neutralized.  However, isolating the FDS might not resolve the problem completely, as arcing 
could still potentially occur. 
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Chapter 5: Conclusion 
Throughout this project, much progress was made in the development of an apparatus to 
investigate flow focusing and electrospray.  As a whole, the project was successful, although 
there were some aspects that could have been explored further.  The stands and mounts for the jet 
source enclosure and the Parker Motion MX80S have been fully completed.  Flow focusing was 
achieved on many occasions, although a steady flow does not sustain for long durations.  
Electrospray was on the verge of being achieved during one of the tests and might have been 
attained with more time and more precise equipment.  
The fully adjustable stand was completed with all the requirements stated at the 
commencement of the project.  The secondary stand that was created to attach the Parker Motion 
MX80S servo motor and the spray droplet-distribution measuring apparatus was also finished.  
Both the Parker Motion MX80S servo motor and the spray droplet-distribution measuring 
apparatus have been mounted to the frame and are ready to be used for droplet-distribution 
measurements.  The current amplifier circuit has also been finished and is ready to be used.  A 
user manual for the Parker Motion MX80S was also developed so that future teams will have an 
easier time using the software and other equipment when the servo motor is to be utilized.  
As stated previously, flow focusing was accomplished but not with the repeatability as 
would have been preferred.  The reasons for this were narrowed down to the combination of the 
use of equipment that did not have the level of precision needed as well as the use of the flow 
delivery system that was more complicated than necessary.  The entire flow delivery system led 
to pressure losses and unsteady flow.  Coupling this with the imprecise nature of the pressure 
gauges leads to difficulty in maintaining a steady flow focusing spray.  In order to verify that 
current could in fact be measured, a successful test was performed using an electrometer.  
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Production of an electrospray was nearly accomplished but was stopped for a number of reasons.  
The first reason was due to arcing within the flow delivery system.  This would cause large gas 
bubbles to be formed in the tubing leading to the capillary.  The second reason was arcing that 
was occurring between the needle and the jet source enclosure, or in the FDS itself.  This arcing 
resulted in a pulsing of the applied voltage.  The final reason was the flow delivery system itself.  
As stated previously, it was ineffective in producing a steady mass flow rate for an extended 
period of time.  
In the future, it would be beneficial to replace the flow delivery system with a high 
precision medical syringe pump.  This will allow for a much quicker and accurate way to obtain 
the required mass flow rate.  This will also take away the flow rate fluctuations that occur when 
the gas pressure in the jet source enclosure interacts with the supply pressure provided by the 
helium tank.  With this replacement, more electrospray testing could take place with far better 
results.  After electrospray has been mastered, work on electro-flow focusing would be the next 
step.  In order to enhance the characterization of the jet, better cameras and second axis of 
movement for the spray droplet-distribution measuring apparatus should be looked into.  
There is several other future work that would increase the success of the project.  This 
includes testing of the conductivity of the saline for better estimates of the required applied 
voltage to the capillary.  Integrating the jet source enclosure pressure transducer into LabView 
and combining all LabView code (the motion control system and flow delivery system VIs) into 
one.  Controlling all parts of all the systems in one interface would make running 
characterization experiments much easier. 
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Appendix A: Orifice Hole Pictures 
 
Large disc 1 side 1 
 
Large disc 1 side 2 
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Large disc 2 side 1 
 
Large disc 2 side 2 
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Large disc 3 side 1 
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Large disc 4 side 1 
 
Large disc 4 side 2 
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Small disc 1 side 1 
 
Small disc 1 side 2 
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Small disc 2 side 1 
 
Small disc 2 side 2 
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Small disc 3 side 1 
 
Small disc 3 side 2 
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Small disc 4 side 1 
 
Small disc 4 side 2 
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Appendix B: Califone Specifcations 
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Appendix C: Mass Flow Rate Calibration Test Data 
Note: For all calibration tests with Pinnacle USB, there were stable and unstable data points 
recorded.  Unstable denotes that the scale was not in equilibrium when recording data point. 
 
Test 1: Pinnacle USB  10-Nov-09  3:58:56 PM 
No resistor, R0 = .0085 inch, P = 10 psia, V = 1.8 volts 
 
Test 2: Pinnacle USB  11-Nov-09  10:42:32 AM 
2.19 inch resistor, R0 = .0085 inch, P=30-20 psia, V = 3.4-2.4 V 
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Test 3: Pinnacle USB  18-Nov-09  1:33:04 PM 
6.25 inch, R0 = .0085 inch, P = 20 psia, V=2.568 V 
 
Test 4: Pinnacle USB  17-Nov-09  4:03:45 PM 
6.25 inch resistor, R0 = .0085 inch, P = 10 psia V=3.86 V 
 
y = 0.2673x + 943.42 
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Test 5: Pinnacle USB  18-Nov-09  1:33:04 PM 
6.25 inch resistor, R0 = .0085 inch, P = 20 psia, V = 2.6 volts 
 
Test 6: Pinnacle USB  19-Nov-09  3:37:55 PM 
6.25 inch resistor, R0 = .0085 inch, P = 10 psia, V = 1.8 V 
 
y = 0.2953x + 31.737 
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Test 7: Pinnacle USB  20-Nov-09  8:53:02 AM 
6.25 inch resistor, R0 = .0085 inch, P = 10 psia, V = 1.8 V 
 
Test 8: Pinnacle USB  06-Dec-09  3:05:27 PM 
6.25 inch resistor, R0 =.0085 inch, P = 50 Psia, V= 5.1 V 
 
y = 0.1206x + 62.478 
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Test 9: Pinnacle USB  06-Dec-09  4:00:18 PM 
6.25 inch resistor, R0 = .0085 inch, P = 40 psia, V = 4.3 V 
 
Test 10: Pinnacle USB  06-Dec-09  5:38:37 PM 
6.25 inch resistor, R0 = .0085 inch, P = 30 psia, V = 3.5 V 
 
y = 0.5911x + 721.47 
R² = 1 
0
500
1000
1500
2000
2500
3000
3500
0 500 1000 1500 2000 2500 3000 3500 4000
W
e
ig
h
t 
(m
g)
 
Time (sec) 
y = 0.4418x + 822.34 
R² = 0.9999 
0
500
1000
1500
2000
2500
0 500 1000 1500 2000 2500 3000 3500
W
e
ig
h
t 
(m
g)
 
Time (sec) 
100 
 
 
Test 11: Pinnacle USB  16-Jan-10  12:03:09 PM 
3.52 inch resistor, R0 = 0.0085 inch, P = 10 psia 
 
Test 11: LabView VI 16-Jan-10 
Voltage Data 
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Test 12: Pinnacle USB  16-Jan-10  4:20:10 PM 
3.52 inch resistor, R0 = 0.0085 inch, P = 20 psia 
 
Test 12: LabView VI 16-Jan-10 
Voltage Data 
 
y = 1.1764x + 531.58 
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Test 13: Pinnacle USB  16-Jan-10  5:03:14 PM 
3.52 inch resistor, R0 = 0.0085 inch, P = 30 psia 
 
Test 13: LabView VI 16-Jan-10 
Voltage Data 
 
y = 1.8318x + 578.92 
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Test 14: Pinnacle USB  16-Jan-10  5:36:40 PM 
3.52 inch resistor, R0 = 0.0085 inch, P = 40 psia 
 
Test 14: LabView VI 16-Jan-10 
Voltage Data 
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Test 15: Pinnacle USB  18-Jan-10  10:12:50 AM 
3.52 inch resistor, R0 = 0.0085 inch, P = 50 psia 
 
Test 15: LabView VI 18-Jan-10 
Voltage Data 
 
y = 3.0403x + 864.71 
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